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Abstract To investigate the implications of endogenous LPL 
on selective uptake of HDLa-associated cholesteryl esters 
(HDLs-CEs) by mouse peritoneal macrophages (MPMs), we 
have performed uptake experiments with MPMs obtained 
from control mice and transgenic knockout animals express- 
ing LPL exclusively in muscle but not in macrophages. The 
capacity for HDLg holoparticle, total HDLj-CE, and selective 
HDLrCEs was independent of the expression of functional 
endogenous LPL (161 vs. 187, 1251 vs. 1300, and 1090 vs. 1113 
ng HDLj/mg cell protein; control and LPLdeficient macro- 
phages, respecuvely) . Both control and LPL<ieficient macro- 
phages displayed, however, pronounced capacity for total 
HDLrCE uptake in excess of HDLi holopardcle uptake ex- 
ceeding particle uptake by 7-fold. Despite the fact that endog- 
enous LPL was without any effect on selective uptake, the ad- 
dition of exogenous LPL led to a significant increase in 
cellular selecdve HDLrCE uptake. Upon addition of purified 
LPL, HDL3 holoparticle (internalization and degradation) , to- 
tal HDLrCE, and selective HDLs-CEs, was increased up to 2- 
fold. HDL3 holoparticle binding to control and LPL-deficient 
MPMs at 4°C was enhanced 2.7- and 2.6-fold, respectively, in 
the presence of LPL.BJS The present results suggest that en- 
dogenous LPL is without effect on selective uptake of HDLr 
CEs. In contrast, the addition of exogenous LPL enhanced 
selective uptake of HDLrCEs along with HDL3 holoparticle 
uptake apparently by the proposed bridging function of the 
enzyme. — Panzenboeck, U., A Wintersberger, S. Levak- 
Frank, R. Zimmermann, R Zechner, G. M, Kostner, E. MaUe, 
and W. Satden Implications of endogenous and exogenous 
lipoprotein lipase for the selective uptake of HDLrassociated 
cholester)'! esters by mouse peritoneal macrophages. / Lipid 
Res. 1997. 38: 239-253. 
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The antiatherogenic properties of high density lipo- 
proteins (HDL) are commonly attributed to their cen- 
tral role in reverse cholesterol transport (1) . During this 



process extrahepatic cholesterol is taken up by HDL, 
transported to the liver, and subjected to bilary secre- 
tion. HDL is able to accept free cholesterol from cellu- 
lar membranes and some of this cholesterol is subjected 
to esterification due to the activity of lecithin choles- 
terol acyltransferase (2). 

Several pathways contribute to the turnover of HDL- 
associated cholesteryl esters (HDL-CE). Besides uptake 
of the whole hpoprotein particle (holoparticle uptake), 
cholesteryl ester transfer protein (CETP) -mediated 
transfer reactions and other receptor- and enzyme-inde- 
pendent lipid exchange mechanisms contribute to 
HDL lipid turnover (for review, see ref. 3). HDL-CEs 
are turned over in excess of holoparticles and this is a 
result of transfer and selective uptake mechanisms. 
CETP catalyzes the exchange of HDLrCEs to triglycer- 
ide (TG)-rich lipoproteins while the HDL3 particle ac- 
quires TG in exchange and is transformed to a more 
buoyant HDL2 particle (4). In addition, HDL-CE are 
taken up by cells via a mechanism termed selective up- 
take without concomitant lipoprotein particle uptake 
(5). In vivo experiments performed in rats (lacking 
CETP) have demonstrated that this pathway is of major 
importance for hepatic removal of HDL-CEs (6). Simi- 
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iar studies performed in rabbits (animals with 3-fold 
higher CETP activities as compared lo humans) re- 
vealed that selective uptake of HDL-CEs might contrib- 
ute as much as 25% to total CE turnover (7). In addition 
to in vivo experiments, selective uptake of HDL-CE was 
studied in different organs and various primary and per- 
manent cell lines. From some of these studies it appears 
that selective uptake is a receptor-independent path- 
way and does not require specific apolipoprotein 
components. Selective uptake of HDL-CE involves 
two steps, i.e., uptake in a releasable, plasma mem- 
brane-associated pool and subsequent transfer into a 
non-releasable, cytoplasmatic pool (8-11). Recently Ac- 
ton et al. (12) have shown that SR-BI, a CD36-related 
class B scavenger receptor is involved in selective uptake 
of HDL lipids. Western blot analyses of murine tissues 
revealed high expression of SR-Bl in liver, ovaries, 
and adrenal glands (13), tissues with high capacity for 
selective HDL-CE uptake. Additional support for the 
role of SR-BI during selective HDL-CE uptake stems 
from observations that overexpression of SR-BI in Chi- 
nese hamster ovary (CHO) cells resulted in significantly 
increased selective uptake of HDL-associated lipids 
(13). 

In addition to SR-BI, lipoprotein lipase (LPL; 
E.C.3.L1.34) has been suggested to mediate selective 
uptake of liposome-associated cholesteryl esters and 
ether analogues to human fibroblasts and J774 macro- 
phages (14). In vivo, circulating chylomicrons are catab- 
olized by LPL, with muscle and adipose ussue being 
the major sites of LPL expression (15). LPL hydrolyzes 
TGs from chylomicrons thereby generating free fatty 
acids (FFAs) for subsequent tissue uptake and metab- 
olism (16). In addition, LPL has been shown to 
anchor lipoproteins to the surface of a variety of cells 
(17-19). LPL increases surface binding and degrada- 
tion of lipoproteins (20-22) by mechanisms involving 
the low density lipoprotein receptor-related protein 
(LRP) and the very low density lipoprotein (VLDL) re- 
ceptor (23-25). 

The ability of LPL to enhance lipoprotein binding 
and uptake as well as apoprotein-independent lipid 
transfer of CEs has prompted us to invesugate the effect 
of LPL on selective uptake of HDLs-CEs. For these stud- 
ies, LPL-deficient mouse macrophages obtained from 
transgenic knockout mice, expressing LPL exclusively 
in muscle, represented an excellent tool to study the 
implications of endogenous LPL on selective HDLrCE 
uptake. From our data it appears that endogenous LPL 
is only of minor importance for selective uptake of 
HDLrCEs by macrophages. In contrast, addition of ex- 
ogenous bovine LPL to control and LPL-deficient mac- 
rophages enhanced HDL3 hoJoparticle, total CE, and 
selective CE upuke up to 2-fold. 



MATERIALS AND METHODS 

Generation of transgenic knockout mice 

The generation of transgenic knockout mice was de- 
scribed recently (26). Mouse lines expressing LPL ex- 
clusively in muscle were generated by breeding a 
transgenic mouse line containing the muscle specific 
creatine kinase promoter driving a human LPL mini- 
gene (27) onto the LPL knockout background. The 
breeding strategy, leading to mouse lines expressing hu- 
man LPL exclusively in skeletal and cardiac muscle but 
not in any other tissue, was described elsewhere (26). 

Isolation of mouse peritoneal macrophages 

Isolation of mouse macrophages from control and 
transgenic knockout animals was pertbrmed as de- 
scribed (28). Briefly, peritoneal exudate cells were elic- 
ited by i.p. injection of 2 ml thioglycoUate broth (3 g/ 
100 ml; Difco Labs, Austria) and harvested 3 days post- 
stimulus injecdon. Macrophages were plated in Dulbec- 
co's modified Eagle's medium (DMEM, BioWhitaker. 
Austria) on 6- or r2-well plates (Costar, Austria) and 
washed after 4 h three times with phosphate-buffered 
saline (PBS; 10 mM, pH 7.4, 0.15 m NaCl). Subsequently 
cells were cultured in DMEM containing 10% FCS (Bio 
Whitaker, Austria) . Twelve h prior to the experiments 
cells were incubated in DMEM containing 10% FCS or 
10% LPDS as indicated. 

Lipoprotein preparation 

Human apoE-free HDL3 was prepared by discontinu- 
ous density ukracentrifugation of plasma obtained from 
normolipemic donors (29). HDLi was recovered from 
the tubes and dialyzed against 10 mM PBS (pH 7.4). 
SDS/PAGE revealed the presence of apoA-1 as the ma- 
jor apolipoprotein. LPDS was prepared by standard 
techniques (30). 

Lipoprotein labeling 

HDL3 was labeled with [l,2,6,7-''H-cholesteryl] linole- 
ate (DuPont NEN, Austria) by CETP-catalyzed transfer 
from donor liposomes essentially as described previ- 
ously (31). Briefly, 200 |J.Ci of the corresponding label 
and 80 |ig egg yolk lecithin (Sigma, Austria) were dried 
under argon and sonicated in 1 ml of PBS. HDL3 (1 ml, 
containing 2-5 mg protein), LPDS (1 ml, as a source 
of CETP), and PBS (1 ml) were added. The mixture 
was incubated under argon at 37^C in a shaking water 
bath overnight. Subsequently the labeled HDLs was re- 
isolated in a TLX120 bench-top ultracentrifuge in a 
TLA100.4 rotor (Beckman, Austria) as described (32). 
The HDL band was aspirated and desalted by size exchi- 
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sion chromatography on PDIO columns (Pharmacia, 
Austria) . This labeling procedure resulted in specific ac- 
tivities of 5-7 cpm/ng HDU protein. 

lodination of HDL^ was performed as described by 
Sinn et al. (33) using N-Br-succinimide as the coupling 
agent. Routinely 1 mCi of '^^INa (Amersham. Austria) 
was used to label 5 mg of HDL3 protein. This procedure 
resulted in specific activities between 300-450 dpm/ng 
protein. Unspecific activity was always less than 3% of 
total activity. No crosslinking or fragmentation of 
apoA-1 due to the iodinauon procedure could be de- 
tected by SDS-PAGE on 15% gels and subsequent auto- 
radiography. 

Analysis of cellular lipids by thin-layer and high 
performance liquid chromatography 

Cellular lipids were extracted with hexane-2-propa- 
nol 3:2 (v/v) as described (30). The lipid extracts were 
dried under argon, redissoived in 100 |J.l of CHCI3 and 
separated by TLC using hexane- die thylether^ acetic 
acid 70:29:1 (v/v/v) as the mobile phase. Lipid spots 
were visualized with iodine vapor. Lipid identification 
was performed by co-chromatography with known stan- 
dards, i.e., cholesterol and cholesterol linoleate. After 
excision of the bands the radioactivity present in the 
Ch and CE band was quantitated by liquid scintillation 
counting in a LKB (3-counter. Reversed phase HPLC of 
cellular lipid extracts was performed on a LC-18 column 
(250 X 4.6 mm, Supelco, Austria) with methanol- 2-pro- 
panol as the mobile phase (1 ml/min) and detection 
at 21 0 nm, exacUy as described previously (32) . Quanti- 
tation was performed by peak area comparison with ex- 
ternal standards of known concentration. 

Reversed phase HPLC of radiotracers present in cel- 
lular lipid extracts was performed on a Chrompack LC- 
18 column (250 X 2 mm, Chrompack, Austria) with 
methanol -2-propanoi 1:1 (v/v) as the mobile phase 
(200 |J.l/min). Radiolabeled cholesterol and cholesteryl 
linoleate were detected with a Radiomatic Flo-One ra- 
diometric HPLC detector (Packard-Canberra, Austria; 
channel set at 0-18.5 keV) which was preceded by a 
variable wavelength UV-detector to allow simultaneous 
detection of labeled and unlabeled compounds. Liquid 
scintillation fluid flow rate was set at 1 ml/min. 

LPL assays 

LPL activity was measured as described previously 
(34). Briefly, 200 ixl of cell supernatant was incubated 
with 100 \i\ of a stable substrate mixture consisting of 
tri[9,10(n)-'*H] oleoyl glycerol (Amersham, Austria), 
4.63 mM trioleoyl glycerol, 0.45 mM lecithin, 1% BSA, 
4.6% glycerol, 50 mM Tris-HCl (pH 8.2). LPL activity 
was calculated from the amount of FFA released per 



minute after subtraction of blank values. To discrimi- 
nate between membrane bound and intracellular LPL 
activities, the supernatant was removed and macrcn 
phages were washed, chilled on ice. and incubated in 
the presence of 0.1 units heparin (4°C, 30 min). Intra- 
cellular LPL activities were measured after cell lysis in 
500 ^1 lysis buffer (50 mM NH4GI, pH 8.1). 

RNA isolation and Northern blot analysis 

To isolate macrophage RNA, adherent cells were 
lysed (700 ^.1 lysis buffer) and total RNA was isolated 
using the RNeasy total RNA kit (Quiagen, Austria). To- 
tal RNA (5-15 iiig) was separated on 1.2% agarose gels 
(containing 1.1 % formaldehyde and 1 X MOPS) , trans- 
ferred to a Hybond N"^ nylon membrane (Amersham) 
by vacuum blotting, and hybridized to the radiolabeled 
mouse LPL cDNA and human LPL exon 10 probe as 
described (35). The DNA probes were radiolabeled 
with ['"^^jdCTP using the Promega random primer kit. 

Isolation of LPL from bovine milk 

Bovine LPL was isolated as described (36) . Fresh, un- 
pasteurized bovine milk (1 liter) was centrifuged (9,000 
rpm, 4°C, 30 min) to separate cream. The floating cake 
was discarded and NaCl was added to a final concentra- 
tion of 350 mM to the remaining skim milk. After filtra- 
tion, 40 ml heparin-Sepharose (Pharmacia) was added 
and the mixture was left overnight with gentle agitation 
on an end-over-end shaker. The gel was collected and 
washed in a glass frit. Subsequent purification steps, i.e., 
affinity chromatography on heparin-Sepharose and hy- 
drophobic interaction chromatography on phenyl- 
Sepharose (Pharmacia), were performed as described 
for human LPL (34) . Yields for bovine LPL ranged from 
500-1500 \ig LPL/1 milk with acti\aties between 420- 
680 |imol FFA/h per mg LPL protein. 

CeU culture studies ^ 

Thioglycollate-elicited peritoneal mouse macro- 
phages were plated on 6- or 12-well trays in DMEM. 
After 4 h under standard conditions (37°C, 5% CO2, 
95% humidity) cells were washed 3 times with PBS (pH 
7.4) and kept in DMEM containing 10% FCS. Where 
indicated, cells were cultured in DMEM containing 10% 
LPDS 12 h prior to the experiments. 

Lipid loading experiments were performed with ^'"^T- 
labeled-HDL, or [^H]Chl8:2-HDL3 in the presence or 
absence of a 10- or 40-fold excess of unlabeled HDL.,. 
After an incubation in the presence of the correspond- 
ingly labeled HDL3 preparation, cells were washed twice 
in PBS containing BSA (5%, w/v) followed by three 
washes in PBS. To release LPL-bound HDLs, cells were 
incubated in the presence of heparin (20 U/ml) at 
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37°C for 10 rnin (37). The supematani whs collected 
and counted, and is referred to as LPL^bound HDLt. 

Binding studies in the presence and absence of LPL 
were performed at 4°C. Briefly, cells were incubated in 
the presence of 25 '^"l-labeled HDL, (±20 |ig LPL) 
in the presence or absence of unlabeled HDL.h for 4 h. 
Subsequently cells were washed as described above and 
the cells were lysed with 6.3 N NaOH to determine 
bound radioactivity and the cellular protein content. 
Specific binding was calculated as described below. 

Time-dependent metabolism of '-^Mabeled HDLji 
and [^H]Chl8:2-HDL3 by control macrophages in the 
presence and absence of LPL was investigated at 37°C. 
Membrane-bound HDLi was released by trypsin treat- 
ment (0.05%, 37°C, 10 min) as described (31). The 
trypsin-releasable fraction is referred to as bound frac- 
tion. After trypsin ueatment, cells were lysed in NaOH 
(1 ml, 0.3 N, 1 h at 25 °C) to determine the non-trypsin- 
releasable (internalized) fraction and the cellular pro- 
tein content present in the lysate. Specific binding/ in- 
temalizadon was calculated as the difference between 
total and nonspecific binding/ internalization. Protein 
was measured according to the method of Lowry et al. 
(38), the average protein content on t>well plates was 
300-350 |J.g protein/well. Degradation of '-^I-labeled 
HDLs by mouse peritoneal macrophages was estimated 
by measuring the non-trichloroacedc acid (TCA)-pre- 
cipitable radioactivity in the medium after precipitation 
of free iodine with AgNOj. Briefly, 0.5 ml of medium 
was removed, mixed with 100 \i\ BSA (30 mg/ml) and 
1 ml TCA (3 M, 4°C) and left at 4°C for 30 min. Subse- 
quently 250 [ll of AgNO.s (0.7 m) was added, mixed, and 
the samples were centrifuged at 3,000 rpm at 4°C for 
15 min. One ml of the supernatant was counted on a 
y-counter (31). 

Intracellular hydrolysis of [-'H]Chl8:2 was analyzed 
as follows. MPMs (cultured on 35-mm petri dishes as 
described above) were incubated with prewarmed me- 
dium containing 100 ^g of pH]Chl8:2-HDLv At the 
indicated dme points the medium was removed and the 
petri dishes were placed on ice immediately. Cells were 
washed twice with PBS containing BSA (5%. w/v) fol- 
lowed by two washes with PBS. Cellular lipids were then 
extracted with hexane-2-propanol 3:2 (v/v) and fur- 
ther processed for TLC analysis as described above. 

To facilitate the comparison of results obtained with 
'-n-labeled HDL^ and [''H]Chl8:2-HDL,, .selective 
HDL^-CE upuke is expressed as apparent HDLi panicle 
uptake as suggested by Pittman et al. (8). Apparent 
HDLi particle uptake is expressed in terms of HDL^ pro- 
tein (calculated on the basis of the specific activity of 
the corresponding [-'H]Chl8:2-HDL^ preparations 
used) that would be necessary to deliver the observed 



amount of tracer. These calculations are performed to 
compare uptake of '-^1 and '^H tracers on the same basis. 
HDL^ holopardcle uptake is characterized by equal up- 
take of both tracers. 



RESULTS 

Expression and activity of LPL in peritoneal 
macrophages obtained from control and transgenic 
knockout animals 

Prior to LPL activity measurements, peritoneal mac- 
rophages were plated and cultured for 12 h in DMEM 
containing either 10% PCS or 10% LPDS. After this pre- 
incubation period, approximately 85% of the total LPL 
acdvity was found in the cellular supernatant of control 
macrophages (Table I). Incubation of the cells with 
heparin (0.1 U/ml) led to a further release of 5% of 
total LPL activity while the remaining activity (10% of 
total) was found intracellularly. As a result of LPL gene 
knockout, LPL acdviues in macrophages obtained from 
transgenic knockout mice were undetectable (Table 1 ) . 
To investigate whether the absence of LPL acdvity was 
direcdy related to LPL knockout on the ON A level, RNA 
was isolated from macrophages obtained from control 
and transgenic knockout mice. Northern blot analysis 
clearly demonstrated the presence of LPL^RNA in con- 
trol macrophages while LPL-RNA was undetectable in 
macrophages obtained from transgenic knockout mice 
(Fig. 1). 

Selective HDL-CE uptake by MPMs obtained 
from control and LPL gene knockout mice 

Uptake experiments of apoE-free HDLt were per- 
formed with peritoneal macrophages obtained from 
control and transgenic knockout animals. Cells were 
seeded and incubated in the presence of '-^I-Iabeled 
HDLh and HDL, labeled with [•^H]Chl8:2 .(['H]Chl8: 
2-HDLh). In these experiments we have not distin- 
guished between bound and internalized HDL^ and 
therefore uptake refers to total cell associadon, i.e., the 
sum of bound and internalized HDL^. 

In the first set of experiments we compared HDL^ 
holopardcle, total CE, and selecdve uptake by control 
and LPL-deficient macrophages. For these studies peri- 
toneal macrophages were incubated in the presence of 
increasing amounts of the correspondingly labeled 
HDL^ preparation either in the absence (total cell lisso- 
ciauon) or in the presence (nonspecific cell associa- 
don) of a 40-fold excess of unlabeled HDL^. From die 
data shown in Fig. 2A and B it is evident that specific 
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TAhl.i-: 1. l.I'L ;iniviiics in tdiiiro] ;uul LPI.-<lt'fic:it:iU intmsr [jt-riumcnl inaciophaHc-s 

IJ*I. Acmity 

Stipn iLiUini 1 |(r|j:inn-Krlr:Ls;Ujlr lnir:u:rlltibr 

M;>a-oph:i«r.v i-'CS I.PDS KCS LTOS FTS LVm 

nmol J'TA/mht/vi^ rr(l /mitnn 

Control -15 - 1.^ '10 Z 8.S 2.8 ± OA ^l.r> Z l.ti z 0.:^ ^ - 0.8 

LPL-dclicirru O. i - 0. i 0.1 Z 0.1 0.08 ± 0.2 0.0!^ - O.OH 0.08 1 0.02 0.02 ± 0.07 

T!ii(»;;l\Tr>l!.ii(-cli( i(t:{i man ophaj^cs ohiaincd from control an<t naiis^enic knot koiu animals wa v awdt-d 
and incnbau.fl in DMKM (Kmiaining 10% FCS) (or 12 h. .Aficr ihis prcintubaiion, ndhrrtrnt cell.*; wcrt* umm- 
h-Mvil i'ov atuHluT 12 li in DMl'.M coniaininj; tO% FCS or 10% LPDS, rt: .spire; lively, ilcpariii-rclca.sublt:, Cfll- 
associaicd. and 1.1*1. artiviiit s in ihc rcllidar supernatant were analy/.cd a.s dcs( ribtid in Materials ancl Methods. 
Data rfprt-st-nt nit 'a it ± SO (n ~ 8), 



particle itpiakc ol '--'Mabcleci HDI .-. \v;ts almost identical 
for control (161 ± 17 HDL;/ingcell protein) and LPL- 
deficient macrophages (187 ± 18 HDLt/mg cell 
protein) ai the highest '-' l-labeied HDLt concenuation 
used (100 }ig). Non-linear jegressioii analysis revealed 
apparent Zi^, values oi\H8(i and ?>76 ng HDLt/mg cell 
protein (control and l.Pl..-deficicnt macrophages, re- 
spectively). 

in line with reports for jK-nnanent )774 macrophages 
(39), MPMs studied here displayed pronounced capac- 
ity for lipid uacer uptake in excess of parucle associa- 
tion, exceeding holopariicle association 7.B-lbld (con- 




12 3 

Fig. 1. Northern l>lol analy.sis <if ! .PI. in pfriionfal inacrophai^es o!> 
laiiicd from control and trans^t'ni< kmu krnn mice. Total RNA was 
isolated (Voni eonnol (lane 1) and 1 .1*1 .-diHi< irni (lane 2) macro 
phages, RNA i.solated from Imnian adipose i issue (lane l^) served a.s 
cofilro]. RNA (10 J4i^) was sef ia rated on a 1 .;')'.'( ai;ai'ose ^el. Hyhridiza- 
lion was performed with mouse 1 .1'l .-eDN.A (laues 1 atid 2) and a hu- 
man t!xon 10 Ll*L-pn>lx- (lane 'M, re.tpe< tivrly. Tlur arrow indiones 
the position of LPL-niRN.A. 



trol macrophages, 161 vs. 1251 ng/mgceli protein) and 
7-fold (LPL-dehcient macrophages, J 87 vs. 1 SOO ng/mg 
cell protein) at the highest HDL.i concentrations used 
(Fig. 2A and B). Independent of cell-associated LPL ac- 
liviues, selective uptake of HDL-CE was almost identical 
in both ceil lines. Selective uptake exceeded particle up- 
take by a factor of 6.S-fold (control macrophages, 1090 
vs. HVi ng/mg cell protein) and 6-fold (LPL-deficieni 
macrophages, 1 1 1 S vs. 187 ng/mg cell protein). Appar- 
ent /i^,,, values calculated for total CE tiptake were 2272 
and 2144 ng/mg cell piotein (conu'ol and LPL-defi- 
cient macrophages, respectively). The data shown in 
Fig. 2A and 2B suggest that the capacity oi MPMs for 
.selective HDLrCE uptake is independent of LPL ex- 
pression in these cells. 

To further clarify die role of endogenous LPL during 
selective HDL-CE deiivety, uptake studies were per- 
formed in the presence of heparin to relea.se mem- 
brane-bound endogenous LPL. Macrophages were 
coinctibated with '^^Mabeled HDL, or ["H]Chl8:2- 
HDLi (100 |ig, 6 h) in the absence or presence of 20 
U/ml heparin. Results of the.se incubations are shown 
in Table 2. The values for specific holoparticie associa- 
tion were 158 ± 16 and 174 ± 21 ng ITDL, protein/ 
mg of cell protein for control and LPL-deficient macro- 
phages, respectively. Particle association remained inv 
affected by the presence of heparin during the uptake 
experiments (180 and 177 ng HDLi protein/nig cell 
protein; control and LPL-deficient macrophages, re- 
spectively). In a parallel set of experimeiiLs, peritoneal 
macrophages were incubated with f^^HlCh 18:2-HDL:, 
in the absence or presence of heparin. At die 11 DL-, con- 
centration used dining these experiments, [■^H]C;h 18: 
2 uptake exceeded HDLh holoparticie uptake =8-iold, 
in line with data sliown in Fig. 2. The values for specific 
['Ei|C:hl8:2 cell ius.socialion in the absence of heparin 
were 1^12 ± 146 and IS28 ± 160 ng HDL, proiein/mg 
ceil protein (coniiol and LPL-deficient maci-ophages. 
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Fig. 2. HDLa holoparticle, total HDLvCE, and selective HOL^CE up- 
take by control (A) and LPL-deficient (B) macrophages. Macro- 
phages were obtained fronm thioglycollaie-eH cited control and 
transgenic knockout mice as described in Materials and Methods. 
Cells were seeded in DMEM containing 10% PCS and cultivated for 
4 h. Twelve h prior to the uptake experiments the medium was 
switched to DMEM containing 10% LPDS. Cells were then incubated 
in the presence of the indicated concentrations of '-^I- labeled and 
[''H]Chl8:2-HDU for 6 h at ?iTC. Subsequently, the cells were 
washed and the total (i. e., bound and internalized) radioactivity was 
measured. '"'1 uptake represents HDL3 holoparticle cell association, 
while uptake of pH]Chl8:2 represents cell association of HDWasso- 
ciated cholesteryl esters. Selective uptake was calculated as the difler- 
ence between [^'H]Chl8:2 and '-^^I-labeled HDL3 cell association. To 
allow the comparison of cellular uptake of HDU tracers, uptake is 
shown in terms of apparent HDL, pardcle uptake {expressed as HDLj 
protein that would be necessary to account for the observed tracer 
uptake; see Materials and Methods). Data represent mean ± SD from 
triplicate dishes from one representative experiment. Values shown 
represent specific cell association calculated as the difference of activi- 
ties measured in the absence or presence of a 40-fold excess of unla- 
beled HDU 

respectively). The addition of heparin (20 U/ml) re- 
sulted in no significant changes of pH]Chl8:2 uptake 
when compared to results obtained in the absence of 
heparin (Table 2). Consequently, selective uptake of 
HDLrCEs also remained unaffected by the addition of 
heparin. 

Previous studies have demonstrated that the capacit)' 
for selecuve HDL3-CE uptake by fibroblasts and HepG2 
cells is regulated by the cellular cholesterol content 
(40). We therefore studied whether cholesterol deple- 



tion of mouse peritoneal macrophages prior to uptake 
experiments affects selective uptake of HDLr^Es. For 
these experiments control and LPL-deficient macro- 
phages were preincu bated in DVIEM containing eithei- 
10% FCS or 10% LPDS. A preincubation of control 
macrophages in DMEM containing 10% LPDS 12 h 
prior to the uptake experiments resulted in a significant 
decrease of cellular cholesterol levels as estimated by 
HPLC analysis- The cholesterol content of macro 
phages cultured in DMEM containing 10% FCS was 9,9 
± 0.43 \ig/mg cell protein, while a \2-h preincubation 
in DMEM containing 10% LPDS decreased the cellular 
cholesterol content to 4.2 ± 0,25 |Xg/mg cell protein. 
In line with a regulatory effect of the intracellular cho- 
lesterol content on HDLrCE uptake, we have observed 
a 30% increase in [^H] Chl8 : 2 association (Fig. 3) ( 1 729 
± 164 vs. 1300 ± 57 ng/mg cell protein, LPDS vs. FCS 
incubadon, respecuvely) when cells were depleted of 
cholesterol. HDL<, holoparticle associadon remained 
unaffected (90 ± 9 vs. 97 ± 12 ng/mg cell 
protein, LPDS vs. FCS incubadon, respectively). Accord- 
ingly, selective uptake of [^H]Chl8:2 increased from 
1164 to 1533 ng/mg cell protein (FCS vs. LPDS). The 
same effects were observed with LPL-deficient macro- 
phages (data not shown) . Collecdvely, our findings (Ta- 
ble 2, Fig. 2 and Fig, 3) suggest that endogenous LPL 
is of litde (if any) importance for selective uptake. 
In contrast, the cellular cholesterol content appeared 
to be of importance for the capacit)^ of selective 
pH]Chl8:2 uptake. 

Intracellular hydrolysis of [^H]ChI8:2-HDL3 
in MPMs 

Prior to experiments aimed to determine intracellu- 
lar hydrolysis rates of [^H]Chl8:2, we examined the pu- 
rity of tracers recovered from MPMs by HPLC- with UV 
and subsequent radiometric detecdon. Therefore, the 
cells were incubated with [^H]Chl8:2-HDLs for 1 h at 
37''C. The cellular lipids (unlabeled and radioacuve 
tracers) were extracted and separated by TLC; the 
bands comigraUng with authendc (non-radioacuve) 
cholesterol and cholesteryl linoleate standards were 
scraped off the plate; the TLC support was extracted 
twice with CHCf^-MeOH 2:1 (v/v), dried under N., 
and analyzed by HPLC. The reproduction of a TLC sep- 
aration of a standard mixture containing die indicated 
lipids is shown in Figs. 4A (inset) and B (inset). The 
area that was scraped off for further analysis by radio- 
UV -HPLC analysis is indicated. HPLC separauon of the 
cellular lipids scraped off the TLC plate revealed the 
presence of pH]Ch (Fig. 4A) and [■'H]Chl8:2 (Fig. 4B) 
eluting as single peaks in the HPLC chromatograin coe- 
luting with a standard mixture containing non-labeled 
Ch andChl8:2 (Fig. 4C;,210 nm detection). It isimpor- 
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TABLE 2. Effect of heparin on tracer uptake by macrophages obuined from 
control and transgenic knockout animals 















Apparent HDLj Uptake 
ng/mg cell protein 
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[^H]Chl8:2 - 






Macrophages 






+ 






- + 










Control 
LPLrdeficient 


158 ± 
174 ± 


16 
21 


180 ± 
177 ± 


19 
14 


1312 
1328 


± 146 1451 ± 146 
i 160 1232 ± 71 


1154 
1154 


± 91 1271 
± 121 1055 




67 
98 



Macrophages were isolated and cultivated as described in Materials and Methods. Cells were incubated 
in the presence of '^Mabeled HDL, or [•''H]Chl8:2-HDL5 (100 ^g protein. 6 h, 37°C) in the absence or 
presence of heparin (20 U/ml) to investigate the contribution of cell membrane-bound LPL during HDL, 
particle, total, and selective HDLj - CE uptake. Data sliown represent mean ± SD from triplicate dishes from 
a typical experiment; (-) and ( + ) indicate the absence or presence of heparin. Values are expressed as (appar- 
ent) particle uptake (see Materials and Methods) in ng HDLs protein that would be necessary to account for 
the observed tracer uptake. 



tant to note that UV detection at 210 nm provided suf- 
ficient sensitivity to detect endogenous Ch in the cellu- 
lar lipid extracts (see above); however, no endogenous 
CEs were detectable. These analyses provided evidence 
that no other radioactive metabolites were comigrating 
widi [•'^HlCh and [^^HJChlSiS under the chromato- 
graphic conditions used for TLC separation. 

To assess the time-dependent intracellular hydrolysis 
of [^H]Chl8:2 by control MPMs, the cellular lipid ex- 
tracts obtained at the indicated time points were sepa- 
rated by TLC. The Ch and CE bands were cut out and 
counted on a (i-counter. The total ([^H]Ch plus 
[^H] Chi 8: 2) and ['^HlCh activity present in MPMs in- 
creased almost linearly up to 6 h (Fig. 5). Similarly, the 
radioactivity found in the [^H]Chl8:2 fraction in- 
creased, but to a much lesser extent than observed for 
the activity found in the cholesterol fraction (72 to 570 
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[*H]Chie:2 [»HJCh18:2-^ "I 



Fig. 3. Effect of cholesterol depletion on HDLrholoparticle, total 
CE, and selective CE uptake by control macrophages. Control macro- 
phages were incubated for 12 h in DMEM containing 10% PCS or 
10% LPDS. After this preincubation period, cells were incubated in 
the presence of 100 ^ig of '"Mabeled HDL, or ['H)Chl8:2-HDL!, for 
6 h at 37''C. Cells were washed and the total cell-associated radioactiv- 
ity (i. e., bound and internalized) was measured. Data shown are 
mean ± SD (triplicates from one representative experiment) and rep- 
resent specific cell association (20-fold excess of unlabeled HDL-s). 



vs. 45 to 5.560 cpm/mg cell protein, [^H]Chl8:2 and 
[^H]Ch activity, respectively). It is noteworthy that the 
radioactivity found in the [^H]Chl8:2 band reached a 
plateau value at 30 min. The inset in Fig. 5 shows 
['^HlChlS: 2 hydrolysis at incubation times from 2 to 30 
min. As can be seen, [^H]Ch formation started to in- 
crease between 2 and 5 min and exceeded [^H]Chl8: 
2 activity within 15 min. The findings presented in Fig. 
5 indicate that CEs, once internalized by macrophages, 
are hydrolyzed very rapidly. Intracellular hydrolysis was 
not affected by the addition of chloroquine (50 |Im) in- 
dicating extralysosomal hydrolysis of HDLs-CEs (data 
not shown) . 

Contribution of exogenous LPL to HDLrholoparticle 
and selective uptake 

Exogenous LPL was shown to enhance net transfer 
of cholesteryl esters and ethers from model lipid emul- 
sion to fibroblasts and J774 macrophages (14). To test 
the hypothesis that exogenous LPL might enhance se- 
lective uptake of HDLs-CEs. uptake experiments with 
control and LPL-deficient macrophages were per- 
formed in the presence of increasing LPL concentra- 
tions. Results of uptake experiments performed in the 
presence of exogenous LPL are shown in Fig. 6 A-C. 
Addition of increasing LPL concentrations led to a 
dose-dependent increase of *^M-labeled HDL3 and 
pH]Chl8:2-HDL3 cell association. At a concentration 
of 40 fig/ ml (corresponding to a molar ratio of LPL: 
HDLs = 0.5) particle association was enhanced from 
145 to 293 and 155 to 290 ng HDLs/mg cell protein 
for control and LPL-deficient MPMs, respectively (Fig. 
6A). Total [^H]Chl8:2-HDL3 association increased 
from 1088 to 2581 and 1251 to 2522 ng HDL, protein/ 
mg cell protein (control and LPL-deficient macro- 
phages, respectively) (Fig. 6B). Consequently, selective 
uptake of HDLj-associated ['^H]Chl8:2 was enhanced 
2.4-fold (943 to 2288 ng HDL^/mg cell protein, con- 
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Fig. 4. UV-radiometric-HPLC analysis of macrophage cell-Iipid ex- 
tracts preseparaiedbyTLC. Macrophages obtained from coiiuol mice 
were prcincubated in DMEM containing 10% LPDS for 12 h prior to 
the experiment. Subsequently, cells were incubated in the presence 
of pH}Chl8:2-HDL3 (100 jig, 1 h at 37°C) washed and extracted 
with hexane-2-propanol as described in Materials and Methods. The 
lipid extracts were dried under nitrogen and applied onto a silica 
50 TLC: plate. The bands comigrating with authentic cholesterol and 
cholester)'! linoleate standards were cut out, extracted twice with 
CHCU-MeOH, dried, redissolved in 100 jll of mobile phase, and sub- 
jected to HPLC analysis as described in Materials and Methods. The 
HPLC traces show die elution profile of radioacdve material comigrat- 
mg on TLC with cholesterol (A) and cholesteryl linoleate (B). Panel 
C shows the elution profile of a nonradioacdve standard mixture con- 
taining cholesterol and cholesteryl linoleate. The insets shown in (A) 
and (B) represent a reproduction of a TLC scparaiion of a unlabeled 
lipid standard mixture containing phosphatidylchoHne (PL), mono- 
palmitoyl-rac-glycerol (MG), cholesterol (Ch), 1,3 dipalmitoyl-glyc- 
erol (1.3-DG), linoleic acid (FFA), tripalmitoyl-glycerol (TG), and 
choleste^'l Unoleate (CE) on silica gel 60 with hexane-diethylether- 
acetic acid 70:29:1 (v/v/v) as the mobile phase. The area scraped 
off and used for furd:ier analysis of cellular lipids by radio-UV-HPLC 
analysis is indicated. Peak assignment: 1 -cholesterol; 2-cholesteryl li- 
noleate (Chl8:2). 
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Bg. 5. Intracellular hydrolysis of HDLrassociated 
pH]Chl8;2 in mouse peritoneal macrophages. Mac- 
rophages obtained from control mice were preincu- 
bated in DMEM containing 10% LPDS for 12 h prior 
to the experiments. SubsequenUy, 100 |Xg [^H]Chl8: 
2-HDLa was added. At the indicated time points cells 
were washed and the cellular lipids were extracted 
twice widi 1 ml hcxanc-2-propanol 3:2 (v/v). The 
lipid extracts were dried under nitrogen and sepa- 
rated on a silica 60 TLC plate as described in Materials 
and Mediods. The bands comigrating with authentic 
cholesterol and cholesteryl linoleate standards were 
cut out and the radioactivity was counted. A shorter 
time course of intracellular pH]Chl8:2 hydrolysis is 
shown in the inset. Data represent mean ± SD of trip- 
licate dishes from two representative experiments. 
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Fig. 6. Effect of exogenous LPL on HDL3 holoparlicie (A), total 
HDLrCE (B), and selective HDLr€E (C) uptake by control and LPl^ 
deficient macrophages. Cells were preincubated in DMEM containing 
10% LPDS (12 h) prior to the uptake experiments. The indicated 
concentrations of LPL were added together with 100 (Ig of **^I-labeled 
HDL5 or [^H]Chl8:2-HDLfl. Cells were incubated for 6 h, washed, 
and the cell-associated radioactivity was determined. Data represent 
mean i SD from two independent experiments, performed in tripli- 
cate. 



trols) and 2.1-fold (1096 vs. 2232 ng HDLs/mg cell pro- 
tein, LPL-deficient macrophages) (Fig. 6C). From these 
observations it appears that LPL concentrations have to 
be sufficiently high to enhance HDL3 particle cell asso- 
ciation and selective uptake of HDL3 associated cholest- 
eryl esters. 



Fig. 7. Etfect of exogenous LPL on HDL^, holoparticle binding by 
control and LPLdeficient macrophages. Cells were preincubated in 
DMEM containing 10% LPDS ( 12 h) prior to the uptake experiments. 
Cells were then chilled on ice, washed, and incubated at 4°C in the 
presence of 25 Jig '^^Mabeled HDL3 in the presence and absence of 
20 M^g LPL (2 h). Cells were then washed and lysed in 0.3 N NaOH 
to determine the amount of bound label and the cellular protein con- 
lent. Data shown represent mean ± SD from one experiment. 



In the next set of experiments we attempted to iden- 
tify the metabolic pathway responsible for LPL-en- 
hanced HDL^ uptake by MPMs. Therefore, binding, in- 
ternalizadon, degradation, and selective uptake of '^"^I- 
labeled HBU and [^H]Chl8:2-HDL3 was investigated. 
The effect of exogenous LPL on HDL3 binding (4°C) 
to control and LPLrdeficient MPMs is shown in Fig. 7. 
The values observed for '^''I-labeled HDL3 binding in the 
absence of exogenous LPL were 104 ± 13 versus 147 ± 
27 ng/mg cell protein (control and LPL-deficient 
MPMs, respectively) . In the presence of exogenous LPL 
''^-''I-labeled HDL3 binding was increased 2.7- and 2.6- 
fold (284 ± 8 vs. 378 ± 43 ng/mg cell protein; control 
and LPL-deficient macrophages, respectively). These 
data demonstrate that exogenous LPL significandy in- 
creased binding of '^^1-labeled HDL3 to control and 
LPLrdeficient MPMs. 

To clarify whether LPL enhances (particle) binding 
and (CE) internalization to the same extent, uptake ex- 
periments were performed with MPMs in the presence 
of LPL, followed by heparin release of LPL-anchored 
HDL3 particles. Results of these experiments are shown 
in Fig. 8. In line with results shown in Figs. 6 A-C, addi- 
tion of LPL increased the amount of cell-associated 
tracer in a dose-dependent manner (Fig. 8A) and the 
amount of internalized label exceeded the amount of 
LPL bound (heparin-releasable label) at all LPL con- 
centrations used during this experiment However, the 
ratio of internalized: bound label decreased from 6.5 
(no LPL) to 4 (11 lig LPL; molar ratio LPLrHDL^ = 
0.55). The effect of LPL on the percentage of heparin- 
releasable and non-releasable radioactivity is shown in 
Fig. SB. Addition of increasing LPL concentrations led 
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Fig. 8. Effect of exogenous LPl. on [='H]Chl8:2-HDL<, binding and 
internalization by control macrophages. Cells were preincubated in 
DMEM containing 10% LPDS ( 12 h) prior to the uptake experinienls. 
The indicated amounts of LPL were added together with 25 ^lg 
pH]Chia:2-HDL;i and incubated for 6 h (37°C). Cells were then 
washed at 4°C and incubated with heparin (50 U/nil, 15 min) to re- 
lease LPL-bound PH]Chl8;2-HDLv The remaining cells were lysed 
with 0.3 N NaOH to esdniaie the amount t>f non-releasable 
[^HJCh!a:2-HDU. Data shown represent absolute values (A) and 
relative data (B), expressed as releasable and non-releasable 
[=^H]Chl8:2-HDL:, fraction of the total cell-associated radioactivity ai 
the indicated dmc points. Data shown represent mean ± SD from 
triplicate dishes from one experiment. 



to an increase in the heparin-re leasable fraction (13 to 
21%), while the non-releasable fraction decreased from 
87 to 79%. These data could indicate that (beyond a 
certain molar ratio of LPL:HDL:0 HDL3 internalization 
might become a rate-limiting step during (LPL sup- 
ported) selective uptake. 

A time course of '-^-labeled HDL;^ holoparticle bind- 
ing, internalization, and degradation by control macro- 
phages in the absence and presence of exogenous LPL 
is shown in Fig. 9. As can be seen from Fig. 9A and 
B the amount of trypsin-releasable (bound) and non- 
releasable (internalized) '"^I-labeled HDL:^ reached a 
steady state plateau within 1 to 3 h. The addition of ex- 
ogenous LPL significantly increased '-'l-labeled HOL^ 
particle binding to MPMs (on average by 2-fold, except 
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Fig. 9. Time-dependent efTeet of exogenous LPL on HDU holopar- 
ticle binding (A), internalization (B), and degradation (C) of ''''•*l-la- 
beled HDL3 by control macrophages. Cells were preincubated in 
DMEM containing 10% LPDS {VI h) prior to tlic uptake experimenLs. 
Cells were incubated for the indicated times with 50 ^ig '-''l-Iabcled 
HDL, in the presence or absence of 50 p.g exogenous LPL. At the 
indicated lime points cells were washed, ireated with tryp-sin (0.05%, 
37°C, 10 min) to release bound HDl^ holoparticles (A). The re- 
maining cells were lysed in 0.3 N NaOH to determine the internalized 
fracdon (B) and the cellular protein content. Non-TC:A-precipilablo 
degradation products were measured in the cellular supeniauinl as 
described in Materials and Methods (C). Data shown represent mean 
± SD from triplicate dishes from one experiment. 
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at the 24-h time point, where particle binding was not 
significantly different; Fig. 9A)- In Hne with these obser- 
vations, internahzation of '^^I-labeied HDL3 was signifi- 
candy increased in the presence of LPL (2-fold increase 
at 24 h; 64 ± 5 vs. 120 ± 5 ng/mg cell protein, absence 
and presence of LPL, respectively; Fig. 9B). Also, degra- 
dation rates were significantly enhanced by the addidon 
of exogenous LPL to MPMs (2.2-fold increase at 24 h; 
635 vs. 295 ng/mg cell protein, respectively). However, 
in contrast to binding and internalization, degradadon 
of HDL3 did not reach a steady state plateau and was 
most pronounced at 24 h (Fig. 9C) . 

Next we studied the dme-dependent effect of exoge- 
nous LPL on binding and internalization of [^H]Chl8 : 
2-HDL3 and selective uptake of ['H]Chl8:2 (Fig, 10). 
In the presence of exogenous LPL, binding of 
[■'^H]Chl8:2-HDL3 by MPMs was increased between 1.9 
(3 h) and 2.3 (12 h)-fold when compared to results ob- 
tained in the absence of LPL (Fig. lOA). The absolute 
amount of bound [^H]Chl8:2-HDL3 was nearly idenu- 
cal to the amounts of '^^I-labeled HDL^ released under 
the same conditions (Fig. 9A), indicadng that trypsin 
releases HDL3 particles from the cellular plasma mem- 
brane. The presence of exogenous LPL resulted in in- 
creased internalization of [•'^H]Chl8:2 as is e\ident 
from Fig. lOB. After a 24-h incubation, the presence of 
LPL enhanced internalization 1.6-fold (1825 ± 255 vs, 
3108 ± 226 ng/mg cell protein, respectively). However, 
internalization of ['^H]Chl8:2-HDL3 increased contin- 
uously over the entire time frame investigated (Fig. 
lOB) and this is in contrast to the steady state situation 
observed with '^-'Habeled HDL^ (Fig. 9B). Finally, selec- 
tive uptake of [''^H]Chl8:2 by MPMs was also increased 
in a timeniependent fashion in the presence of LPL 
(Fig. IOC) resulting in 1.8-fold higher selective uptake 
as compared to results obtained in the absence of LPL. 
In line with results shown in Fig. lOB, selective uptake 
increased continuously during the 24-h incubation. 
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DISCUSSION 

In addition to its function as a TG-hydrolase, LPL was 
shown to enhance binding of essentially all lipoproteins 
to a variety of cells of different origin (17-25). Two 
functionally different domains in the LPL molecule, a 
heparin and a lipid binding site, were suggested to me- 
diate enhanced lipoprotein binding to cell membranes 
(41). This mechanism is a fast, high capacity binding to 
heparan sulfate proteoglycans, concentrating lipopro- 
tein particles on the cellular surface. In addition, LPL 
was shown to enhance transfer of CEs, cholesteryl 
ethers, and phospholipid-ether analogs from lipopro- 



Fig. 10. Time-dependent effect of exogenous LPL on [^H] Chi 8:2- 
HDLs binding (A), internalization (B), and selective uptake of 
pH]Chl8:2 (C) by control macrophages. Cells were preincubated in 
DMEM containing 10% LPDS (12 h) prior to the uptake experiments. 
Cells were incubated for the indicated times with 50 \ig [^H]Chl8: 
2-HDL3 in the presence or absence of 50 )ig exogenous LPL. At the 
indicated time points cells were washed, treated with trypsin (0.05%, 
$7^C, 10 min) to release membrane bound HOL, holoparticles (A). 
The remaining cells were lysed in 0.3 N NaOH to determine the inter- 
nalized fraction (B) and the cellular protein content. Selective uptake 
(C) was calculated by subtracting the values shown in Fig. 9 (bound 
-1- internalized + degraded) from the amoimi of bound and internal- 
ized [-''H]Ch]8:2-HDL3 shown here in (A) and (B). 
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tein-Iike lipid emulsions to cells (14). Traber, Ol- 
ivecrona, and Kayden (42) have demonstrated en- 
hanced transfer of tocopherols along with FFA from a 
TG model emulsion to fibroblasts upon addition of bo- 
vine LPL to the transfer reaction. In the present study 
we intended to differendate between the role of" endog- 
enous and exogenous LPL during HDL^-particle metab- 
olism and selective uptake of HDLrCEs. To investigate 
the contribudon of endogenous LPL, we performed up- 
take experiments with control macrophages (expressr 
ing funcdonal LPL) and LPL-deficieni macrophages 
obtained from transgenic knockout mice lacking LPL 
in macrophages (26). 

We have hypothesized that endogenous LPL might 
contribute to selective uptake of HDLrCEs by the pro- 
posed bridging function of the enzyme. However, the 
results obtained during the present study argue against 
the participation of endogenous LPL during the uptake 
of CEs into a releasable plasma membrane pool (11). 
Two lines of evidence support these findings. First, .se- 
lecnve uptake of HDLjrCEs was almost identical in peri- 
toneal macrophages obtained from control mice and 
transgenic LPL-knockout animals (Fig. 2). Second, the 
addition of heparin to control macrophages resulted 
only in a marginal, nonsignificant decrease of selective 
HDLrCE uptake and had no effect on HDL^-cell a-ssoci- 
ation (Fig. 3). In line with these obsei-vadons are find- 
ings that selective HDLrCE uptake by macrophages 
from transgenic mice specifically overexpres.sing LPL in 
these cells was almost identical as compared to controls 
(U. Panzenboeck, R. Zechner, and W. Saltier, unpub- 
lished observations) . The present finding that HDLrCE 
uptake is insensitive to heparin is in accordance with 
data reported for permanent J774 macrophages (39) 
and human monocyte-derived macrophages (HMM; 
ref. 43). With respect to uptake mechanisms, MPMs and 
HMMs behave very similariy as both cell types display 
selective uptake of HDLrCEs over a wide range of HDh^ 
concentrations (43). However, from our data it appears 
that MPMs have a much higher capacity for selective 
uptake than HMMs (Wold vs. 2-fold in excess of HDU 
parucle uptake, ref. 43), while selective uptake by mu- 
rine J774 macrophages was shown to level off at HDLs 
concentrations >25 |lg/ml (39). The reasons for these 
differences are not enurely clear, but might reflect dif- 
ferent CE acceptor capacity of the plasma membrane, 
probably as a result of different membrane lipid compo- 
sidon. CETP-mediated transfer of HDL-CEs to secreted 
lipoproteins that are subsequently subjected to reup- 
take via cellular lipoprotein receptors was demon- 
strated to contribute to selective CE uptake by HepG2 
cells (39). 

The lact that HDL-CEs are also selectively taken up 
by fibroblasts (40), cells that do not express LPL, sup- 



ports our findings that the basal capacity for selective 
uptake is not necessarily dependent on the presence of 
endogenous LPL. One could envisage that HDLbind- 
ing proteins (44-46) could facihtate HDLrcell mem- 
brane associauon leading to selective HDL;rC>Fl uptake 
in further consequence. However, which of the macro- 
phage HDL binding proteins is responsible for selective 
uptake remains to be elucidated. 

It w^as also proposed that association of HDL, with 
endothelial cells, siriooth muscle cells, and fibroblasts 
could be a receptor-independent process, regulated 
solely by the lipid content and/or lipid composidon of 
the plasma membrane (47). The present results ol> 
tained during [•'*H]ChJ8:2-HDL:i uptake experiments 
performed with cholesterol-deprived macrophages are 
in accordance with the proposed regulatory role of the 
membrane lipid content. Preincubation of MPMs (con- 
trols and LPL-deficient) in cholesterol-depleted me- 
dium increased selective uptake by L3-fold, while parti- 
cle uptake remained unaffected by the cellular 
cholesterol status. This observation is in line with find- 
ings obtained withJ774 macrophages (39), HMMs (43), 
and human fibroblasts (40). Incubation of j774 macro- 
phages with acetylated LDL (increasing the intracellu- 
lar cholesterol content) resulted in decreased .selective 
HDLrCE uptake (39). The possibilit>^ that enhanced 
LDL-receptor expression might be responsible for in- 
creased selective HDLRCE uptake in cholesterol-de- 
prived MPMs (Table 2) appears to be low because the 
HDLs preparations used were free of apoE, a ligand for 
the LDL-receptor. HDLs-CEs selectively taken up by 
MPMs are subjected to rapid intracellular hydrolysis. 
Under our experimental condidons a delay of approxi- 
mately 2-5 min prior to [ 'H]Chl8:2 hydrolysis was ol> 
served and this is in line with findings published by 
Reaven, Tsai, and Azhar (48). In that study (48) rapid 
internalization of HDLrassociated fluorescently labeled 
CEs was demonstrated in rat ovarian granulosa cells. 

In contrast to endogenous LPL, a pronounced dose- 
dependent increase in HDL:( particle, total HDLrCE, 
and selecuve HDL^-C^IE cell association by increasing 
concentrations of exogenous LPL during uptake exper- 
iments was obsei-ved. In the pre.sence of exogenous 
LPL. HDLt parucle binding (4°C) was enhanced 2.7- 
and 2.6-fold (control and LPL-deficient macrophages, 
respecdvely). Experiments performed at 37^C revealed 
that above a certain threshold concentradon (molar ra- 
do of HDL'i: LPL = 0.5) the presence of LPL resulted 
in a gradual increase of the heparin-releasable (LPL- 
bound) fraction, while the internalized fracdon was de- 
creased. These findings suggest that the transfer of 
HDL-CEs into a non-releasable compartment (11) 
might be a rate-limidng step during selecuve uptake. 

LPL appears to conuibute to the obsei^ed increase 
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of HDLrCE uptake by at least two different effects. First, 
addition of LPL resulted in increased HDLg particle 
binding to the plasma membrane and some of these 
HDL5 particles are internalized by MPMs as indicated 
by increased '-^I-labeled HDL5 internalizadon and deg- 
radation. However, increased HDL3 holopardcle metab- 
olism accounted for only 30-40% of the observed in- 
crease in selective HDL3-CE uptake. Therefore, LPL 
appears to support the attachment of a second pool of 
HDLs parades to the cellular plasma membrane and 
these bound particles could deliver their CEs selectively 
to a non-releasable, intracellular compartment without 
parallel internalizadon of the donor parUcle. The ques- 
tion whether receptor-dependent (22) or receptor-in- 
dependent endocytosis pathways (49) are responsible 
for the observed increase in HDL3 holoparticle internal- 
izadon and degradaUon remains to be elucidated. 

Our results suggest that the concentration of exoge- 
nous LPL has to be sufficiendy high to observe in- 
creased HDLrparticle and -CE uptake. This is compati- 
ble with findings by Chajek-Shaul and coworkers (50) 
who have observed LPL-dependent uptake of chylomi- 
cron-associated cholesteryl ethers by lactating mam- 
mary glands in rats. However, in line with our observa- 
tions, this dependency became apparent only when a 
certain threshold concentration of LPL activity was ex- 
ceeded. The present and other findings (50) indicate 
that locally high dssue concentradons of LPL may pro- 
mote selecuve uptake of cholesteryl esters. In addition, 
the effect of LPL on HDLs binding is dependent on 
the cellular system under invesdgation. Eisenberg et al. 
(21) have demonstrated that the addition of exogenous 
LPL to CHO cells, dermal fibroblasts, and smooth mus- 
cle cells enhanced HDL3 binding by 20-, 16-, and 2.5- 
fold, respectively. In contrast, LPL was without effect on 
HDL3 binding by HepG2 cells (21). The association of 
LPL with HDL in preheparin plasma was demonstrated 
by Villella et al. (51). Whedier HDl^associated LPL it- 
self could provide a signal for selecdve uptake of HDL- 
CEs remains to be elucidated. 

The observ^ed enhancement of selecdve HDLrCE up- 
take is pardally compadble with a mechanism mediated 
by SR-BI; a murine class B scavenger receptor (12), 
identified as a docking receptor for HDL (13). SR-BI 
was shown to mediate HDL binding (but not internal- 
ization) and selecuve uptake of HDL-associated lipids 
by transfected CHO cells (13). In line with these obser- 
vations SR-BI is most abundantly expressed in liver, ova- 
ries, and adrenal glands, tissues where the majority of 
selecuve uptake occurs in vivo (13). It seems conceiv- 
able that the mechanism of LPL-mediated selective up- 
take could be quite similar. LPL appears to concentrate 
HDL3 particles on the outer leaflet of the cell mem- 
brane thus increasing net transfer of CEs to a plasma 



membrane compartment. It is important to note, how- 
ever, that (in contrast to SR-BI) LPL enhanced HDL, 
particle internalization and degradation. 

It is generally assumed that selective uptake of HDL- 
CE has a beneficial effect, by preventing the accumula- 
tion of cholesterol in extrahepatic tissues (6). Accord- 
ingly, selective uptake was demonstrated in hepatic cells 
(52), perfused liver (6), and steroidogenic tissues (53, 
54). Experiments performed in HepG2 cells, in situ per- 
fused rat liver, and intact rats suggested that selective 
uptake of oxidized HDL3-CE represents an efficient de- 
toxification route for these potentially (cyto) toxic lipids 
(31, 55, 56). Taken together, all die effects mediated 
by selective HDL3-CE uptake could be considered as po- 
tentially antiatherogenic. In contrast, LPL expression 
by foam cells in atherosclerotic plaques (57), LPLrde- 
pendent binding of unmodified and oxidized LDL by 
the endothelial cell matrix (58, 59), and LPLmediated 
uptake of oxidized LDL by macrophages (60) suggest 
that LPL-mediated lipoprotein binding and uptake 
might contribute to atherogenesis. Whether selective 
uptake of HDL-CEs mediated by locally high tissue con- 
centrations of LPL could contribute to cholesterol accu- 
mulation in macrophages in vivo remains to be eluci- 
dated.Bfij 

This work was supported by grants P-10145 Med (WS), P- 
10480 (AW), S-71 10, F-00701 (RZ), PT1276 (EM), and S-7104 
(GMK). We are grateful for financial support by the Franz 
Lanyar Stiftung. Expert technical assistance by Helga Reicher 
and Irmgard Temmel is gratefully appreciated. 
Manuscript received 24 June 2996 and in revised form 18 November 199$, 



REFERENCES 

1. Fielding, C. J., and P. E. Fielding. 1995. Molecular physiol- 
ogy of reverse cholesterol transport./ Lipid Tiei. 36: 211- 
228. 

2. Jonas, A. 1991. Lecithin-cholesterol acyltransferase in the 
metabolism of high-density lipoproteins. Biochim.. Biophys, 
Acta. 1084: 205-220. 

3. Johnson, W. J., F. H. Mahlberg, G. H. Rothblat, and 
M. C. Philipps. 1991. Cholesterol transport between cells 
and high-densit)' lipoproteins. Biochim. Biophys. Acta. 
1085: 273-298- 

4. Eisenberg, S, 1984. High density lipoprotein metabolism. 
/. Lipid Res. 25: 1017-1058. 

5. Glass, C, R. C. Pittman. M. Given, and D. Steinberg. 1985. 
Uptake of high-density lipoprotein-associated apoprotein 
A-I and cholesterol esters by 16 tissues of the rat in vivo 
and by adrenal cells and hepatocytes in vitro./. Biol. Chem. 
260: 744-750. 

6. Pieters, M. N., D. Schouten, H, F. Bakkeren, B. M. Esbach, 
A. Brouwer, D. L. Knook, and T.J. van Berkel. 1991 . Selec- 
tive uptake of cholesteryl esters from apolipoprotein-E- 
free high-density lipoproteins by rat parenchymal cells in 



Fanzenhoeck et al. Lipoprotein lipase and selective uptake of HDLj^associated cholesteryl esters 



251 



vivo is efficienilv coupled to bile acid synthesis. Biocherti. 
J. 280: 359-365' 

7. Goldberg; D. I., W. F. Beltz, and R. C. Pittmann. 1991. 
Evaluation of pathways for the cellular uptake of high 
density lipoprotein cholesterol esters in rabbits. / Clin. 
Invest 87: 331-346, 

8- Pitunan, R. C, C. K. Glass, D. Atkinson, and D. M. Small. 
1987. Synthetic high density lipoprotein particles: applica- 
tion to studies of the apoprotein specificity for selective 
uptake of cholesterol esters./ Biol Chem, 262: 2435-2442. 

9. Pittman. R. C., T. P. Knecht. M, S. Rosenbaum, and C. A. 
Taylor. 1987. A nonendocytotic mechanism for the selec- 
tive uptake of high density lipoprotein-associated choles- 
terol esters. / Bioi Chem. 262: 2443-2450. 

10. Rinninger, F., and R. C. Pittman. 1989. Mechanism of the 
cholesteryl ester tansfer protein-mediated uptake of high 
density lipoprotein cholesteryl esters by HepG2 cells. / 
BioL Chem. 264: 6111-5118. 

11. Rinninger, F., S.Jaeckle, and R. C. Pittman. 1993. A pool 
of reversibly cell-associated cholesteryl esters involved in 
the selective uptake of cholesteryl esters from high-den- 
sity lipoproteins by HepG2 hepatoma cells. Biochim. Bio- 
phys. Acta. 1166: 275-283. 

12. Acton, S. L., P. E. Scherer, H. F. Lodish, and M. Krieger. 
1994. Expression cloning of SR-BI, a CD-36-related class 
B scavenger receptor./ BioL Chem. 269: 21003-21009. 

13. Acton, S. L., A. Rigotti, K. T. Landschulz, S. Xu, H. Hobbs, 
and M. Krieger. 1996. Identification of scavenger receptor 
SR-BI as a high densit)' lipoprotein receptor. Sdence. 271: 
518-520. 

14. Stein, O., G. Halperin, E. Leitersdorf, T. Olivecrona, and 
Y. Stein. 1984. Lipoprotein lipase-mediated uptake of 
non-degradable ether analogues of phosphatidylcholine 
and cholesteryl ester by cultured cells. Biochivi. Biophys. 
Ada. 795: 47-59. 

15. Nilsson-Ehle, P., A, S. Garfinkel, and M. Schotz. 1980. Li- 
polytic enzymes and plasma lipoprotein metabolism. 
Amm. Rev. Biochem. 49: 667-693. 

16. Santamarina-Fojo, S. and K A. Dugi. 1994. Structure, 
function and role of lipoprotein lipase in lipoprotein me- 
tabolism. Curr. Opin. Lipidol 5: 117-125. 

17. Skottova, N„ R. Savonen, A. Lookene, M. Hultin, and 
G. Olivecrona. 1995. Lipoprotein lipase enhances re- 
moval of chylomicrons and chylomicron remnants by the 
perfused rat liver. / Lipid Res. 36: 1334-1344. 

18. Krapp. A., H. Zhang, D. Ginzinger, M-S. Liu. A. Lindberg, 
G. Olivecrona, M. R. Hayden, and U. Beisiegel. 1995. 
Structural features in lipoprotein lipase necessary for the 
mediation of lipoprotein uptake into cells./. Lipid Res. 36: 
2362-2373. 

19- Mann, W. A., N. Meyer, W. Weber, F. Rinninger, H. 
Greten, and U. Beisiegel. 1995. Apolipoprotein E and li- 
poprotein lipase coordinately enhance binding and ui> 
take of chylomicrons by human hepatocytes. Eur. J. Clin. 
Invest. 25: 880-882. 

20- Williams, J., G. M. Fless, K. A. Petrie, M. L.. Snyder. 
R. W. Brocia. and T. L. Swenson. 1992. Mechanisms by 
which lipoprotein lipase alters cellular metabolism of li- 
poprotein [a], low density lipoprotein, and nascent lipo- 
proteins: roles for low density lipoprotein receptors and 
heparin sulfate proteoglycans. / Biol. Chem. 267: 13284- 
13292. 

21. Eisenberg, S., E. Sehayek, T, Olivecrona, and 1. Vlodavsky. 
1992. Lipoprotein binding enhances binding of lipopro- 



teins to heparan sulfate on cell surfaces and ex t race) lulai 
matrix./. C/m. hivest. 90: 2013-2021. 

22. Rumsey, S. C.,J. C. Obunike, Y. Arad, R. J. Deckelbaum. 
and L J. Goldberg. 1992, Lipoprotein lipasc-mcdiatcd up- 
take and degradation of low density lipoproteins by fi- 
broblasts and macrophages./ Clin. Invest. 90: 1504- J 512. 

23. Beisiegel, U., W, Weber, and G. Bengtsson-Olivecrona. 
1991. Lipoprotein lipase enhances the binding of chykv 
microns to low density lipoprotein receptor-related pro- 
tein. Proc. Natl. Acad. Sci. USA. 88: 8342-8346. 

24. Williams, S. E., 1. Inoue, H. Tran, G. L. Fry, M. W. Pladet, 
P.-H. Iverius, J.-M. Lalouel, D. A. Chappell and D. K. 
Strickland. 1994. The carboxyl-terminal domain of lipo- 
protein lipase binds to the low density lipoprotein recep- 
tor-related protein/ a 2-macroglobulin receptor (LRP) 
and mediates binding of normal very low density lipopro- 
teins to LRP. / BioL Chem. 269: 8653-8658. 

25. Takahashi, S., J. Suzuki, M. Kohno, K. Gida. T. Tamai, 
S. Miyabo, T. Yamamoto, and T. Nakai. 1995. Enhance- 
ment of the binding of triglyceride-rich lipoproteins lo 
the very low' density lipoprotein receptor by apolipopro- 
tein E and lipoprotein lipase. / BioL Chem. 270: 15747- 
15754. 

26. Weinstock, P. H., C. L. Bisgaier, K. Aalto-Setala. H. Radner, 
R. Ramakrishnan, S. Levak-Frank, A. D. Essenburg, R. 
Zechner, and J. L. Breslow. 1995. Severe hypertriglyceri- 
demia, reduced high density lipoprotein, and neonatal 
death in lipoprotein lipase knockout mice./ Clin. Invest. 
96: 2555-2568. 

27. Levak-Frank, S., H. Radner, A. Walsh, R. Stollberger, 

G. Knipping, G. Hoefler, W. Sattler, P. H. Weinstock, 
J. L. Breslow, and R. Zechner. 1995. Muscle specific over- 
expression of lipoprotein lipase causes a severe myopathy 
characterized by proliferation of mitochondria and per- 
oxisomes in transgenic mice./. CUn. Invest. 96:976-986. 

28. Goldman. R. 1990. Control of lipoprotein lipase secretion 
by macrophages: effects of macrophage differentiating 
agents. /. Leukocyte BioL 47: 79-86. 

29. Chung," B. H.,J. P. Segrest, M.J. Ray, J. D. Brunzell, ). E. 
Hokanson, R. M. Krauss, K- Beaudrie, and J. T. Cone. 
1986. Single vertical spin density gradient ultracentrifuga- 
tion. Methods Env^moL 128: 181-209. 

30. Goldstein,J. L., s' K Basu, and M. S. Brown. 1983. Recep- 
tor-mediated endocytosis of low-density lipoprotein in 
cultured cells. Methods EnzymoL 98: 241-260. 

31 . Sattler, W„ and R. Stocker. 1993. Greater selective uptake 
by HepG2 cells of high-densit>' lipoprotein cholesteryl es- 
ter hydroperoxides than of unoxidized cholesteryl esters. 
Biocheyn. f. 294: 771-778. 

32. Satder, W., D, Mohr, and R. Stocker. 1994. Rapid isolation 
of lipoproteins and assessment of their peroxidadon with 
high-performance liquid chromatography postcoUimn 
chem i luminescence. Methods EnzymoL 233: 469-489. 

33. Sinn. H. J., H. H. Schrenk, E. A. Friedrich, D. P. Via, and 

H. A. Dresel. 1988. Radioiodination of proteins and lipo- 
proteins using N-bromosuccinimide as oxidizing agent. 
Anal Biochem. 170: 186-192. 

34. Zechner, R. 1990. Rapid and .simple isolation procedure 
for lipoprotein lipase from human milk. Biochim. Biophys. 
Acta. 1044: 20-25. 

35. Khoo, J. C, K. Reue, D. Steinberg, and M. C. Schotz. 1993. 
Expression of hormone-sensitive lipase mRNA in macro 
phages. /. Lipid Res. 34: 1969-1974. 

36. W^icher,* I., W^ Sattler. A. Ibovnik, G. M. Kostner, R. 



252 Journal of Lipid Research Volume .38, 1997 



Zechner, and E. Malle. 1996. Quantification of lipoprotein 
lipase by dissociation enhanced lanthanide fluorescence 
immunoassay: comparison of immunoreactivity of LPL 
mass and enzyme activity of LPL./ Immunol Methods, 192: 
1-lL 

37. Soifer, O.. M. Fainaru, Z. Schafer, and R- Goldman. 3992. 
Regulation of lipoprotein lipase secretion in murine mac- 
rophages during foam cell formation in vitro,/ Lipid Res, 
12: 1458-1466. 

38. Lowry, O. H„ N.J. Rosebrough, A. L. Farr, and R. J. Ran- 
dall. 1951. Protein measurement with the Folin phenol 
reagent. / Biol Chem. 193: 265-275. 

39. Rinninger, F., and H. Greten. 1990. High-density lipopro- 
tein particle uptake and selective uptake of high-density 
lipoprotein-associated cholesteryl esters by J774 macro- 
phages. Biochim. Biophys. Acta. 1043: 318-326. 

40. Rinninger, F., and R. C. Pittman. 1988. Reguiadon of the 
selective uptake of high density lipoprotein-associated 
cholesteryl esters by human fibroblasts and HepG2 hepa- 
toma cells. / Lipid Res. 29: 1179-1194. 

41. Santamarina-Fojo, S., and H. B. Brewer. 1994. Lipopro- 
tein lipase: structure, function and mechanism of action, 
/n/./ Clin. Lab. Res, 24: 143-147. 

42. Traber, M. G., T. Olivecrona, and H.J. Kayden. 1985. Bo- 
vine milk lipoprotein lipase transfers tocopherol to hu- 
man fibroblasts during triglyceride hydrolysis in vitro. /. 
Clin. Invest. 75: 1729-1734. 

43. Rinninger, F.,J. T. Deichen, S. Jaeckle, E. Windier, and 

H. Greten. 1994. Selective uptake of high-density lipopro- 
tein-associated cholesteryl esters and high-density lipo- 
protein particles by human monocyte-macrophages. Ath- 
erosclerosis. 105: 145-157, 

44. Graham, D. L., and J. F. Oram. 1987. Identification and 
characterizauon of a high-density lipoprotein binding 
protein in cell membranes by ligand blotting: / Biol. 
Chem. 262: 7439-7442. 

45. Schmitz, G-, H. Robenek, U. Lohmann, and G. Assmann. 
1985. Interacdon of high density lipoproteins with 
cholesteryl ester-laden macrophages: biochemical and 
morphological characterization of cell surface receptor 
binding, endocytosis and resecretion of high densit)' lipo- 
proteins by macrophages. EMBO / 4: 613-622. 

46. de Crom, R. P. G., R, van Haperen, R. Willemsen, and 
A. W. M. van der Kamp. 1992. High density lipoprotein- 
binding proteins in porcine liver: isolation and histologi- 
cal localizadon. Arterioscler. Thromb. 12: 325-331. 

47- Tabas, I., and A. R. Tall. 1984. Mechanism of the associa- 
tion of HDLs with endothelial cell, smooth muscle cells, 
and fibroblasts. Evidence against the role of a specific li- 
gand and receptor proteins./. Biol. Chem. 259: 13897- 

I. ^905. 

48. Reaven, E., L. Tsai, and S. Azhar. 1996. Intracellular 



events in the 'sclecdve' transport of lipoprotcin-derived 
cholesteryl esters./ BioL Chem, 271: 16208-16217, 

49. Fernandez-Borja, M., D. Bellido, E. Vilella. G. Olivecrona, 
and S. Vialo. 1996. Lipoprotein lipase-mediated uptake 
of lipoprotein in human fibroblasts: evidence for an LDL 
receptor-independent internalization pathway. / Lipid 
Res. 37: 464-481. 

50. Chajek-Shaul, T., G. Friedman, G. Halperin, O. Stein, and 
Y. Stein. 1981. Role of lipoprotein lipase in the uptake of 
cholesteryl ester by rat lactating mammary gland in vivo. 
Biochim. Biophys. Acta. 666: 216-222. 

51 . Vilella, E.,J. Joven, M. Fernandez, S. Vilaro,J. D. Brunzell, 
T. Olivecrona, and G. Bengtsson-Olivecrona. 1993. Lipo- 
protein lipase in human plasma is mainly inactive and as- 
sociated with cholesterol-rich lipoproteins./ Lipid Res. 34: 
1555-1564. 

52. Jaeckle, S., F. Rinninger, T. Lorenzen, H. Greten, and 
E. Windier. 1993. Dissecuon of compartments in rat hepa- 
tocytes involved in the intracellular trafficking of high 
density lipoprotein particles or their selectively internal- 
ized cholesteryl esters, Hepatology. 17: 455-465. 

53. Gwynne, J. T„ and D. D. Mahaffee. 1989. Rat adrenal up- 
take and metabolism of high density lipoprotein cholest- 
eryl ester./ Biol. Chem, 264: 8141-8150. 

54. Reaven, E., L. Tsai, and S. Azhar. 1995. Cholesterol up- 
take by the selective pathway of ovarian granulosa cells: 
early intracellular events. / Lipid Res, 36: 1602-1607, 

55. Christison, J., A. Karjalainen, J. Brauman, F. Bygrave, and 
R. Stocker. 1996. Rapid reduction and removal of HDIr 
but not LDL-associated cholesteryl ester hydroperoxides 
by in situ perfused rat liver. Biochem, J. 314: 739-742. 

56. Fluiter, K., H. Vietsch, E. A. L. Biessen, T.J. C. van Berkel, 
G. M. Kostner, and W, Sattler. 1996. Increased selective 
uptake in vivo and in vitro of oxidized cholesteryl esters 
from HDL by rat liver parenchymal cells. Biochem. J. 319: 
471-476. 

57. O'Brien, R. D., D. Gordon, S, Deeb, M. Ferguson, and 
A. Chait. 1992. Lipoprotein lipase is synthesized by macro- 
phage-derived foam cells in human coronary atheroscle- 
rotic plaques./ Clin, Invest. 89: 1544-1550. 

58. Saxena, U., M. G. Klein, T. M. Vanni, and I.J. Goldberg. 
1992. Lipoprotein lipase increases low density lipoprotein 
retendon by subendothelial matrix. /. Clin, Invest. 89: 
373-380. 

59. Auerbach, B. J„ C. L. Bisgaier, J. WoIJe, and U. Saxena. 
1996, Oxidation of low density lipoprotein greatly en- 
hances their association with lipoprotein lipase anchored 
to endothelial cell matrix./ Biol. Chem. 271: 1329-1335. 

60. Hendriks, W. L., H. van der Boom, L. C. van Vark, and 
L. M. Havekes. 1996. Lipoprotein lipase stimulates the 
binding and uptake of moderately oxidized low-density li- 
poprotein byj774 macrophages. Biochem. J, 314: 563-568. 



Pa-nzenboeck et al. Lipoprotein lipase and selective uptake of HDLr-associated cholesteryl esters 253 



